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Abstract. The first direct measurement of the proton separation energy, Sp, for the proton-
unbound nucleus 69Br is reported. Of interest is the exponential dependence of the 2p-capture
rate on Sp which can bypass the
68Se waiting-point in the astrophysical rp process. An analysis
of the observed proton decay spectrum is given in terms of the 69Se mirror nucleus and the
influence of Sp is explored within the context of a single-zone X-ray burst model.
1. Introduction
The astrophysical rapid proton capture, or rp process, is characterized by proton-capture
reactions along the proton drip line which occur faster than their subsequent β decays. The
hydrogen-rich environment of type-I X-ray bursts is expected to be one of the key astrophysical
sites where the rp process occurs, driving energy generation and nucleosynthesis during the
cooling phase of the burst [1]. For nuclei where proton capture is inhibited (e.g. at the proton drip
line) and the β-decay half-life is long compared to the X-ray burst timescale of ∼ 10−100 s, a so-
called “waiting point” is reached. One of the major waiting points occurs at 68Se (T1/2 = 35.5 s)
as illustrated in Fig. 1. It has been suggested, however, that the sequential two-proton capture
reaction 69Br(2p,γ)70Kr can bypass the waiting point, allowing the process to continue onward
to heavier masses [2].
The 2p-capture rate depends exponentially on the 69Br proton separation energy which is
poorly constrained and has been determined only through indirect and theoretical methods [3–
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Figure 1: Illustration of the rp-process
68Se waiting-point. Proton-capture
reactions, which are significantly faster
than the respective β decays, process
nuclei until the proton drip-line is
reached. When the process reaches
68Se proton capture remains inhibited
due to the unbound nature of 69Br.
Further processing must then wait
for the long 68Se β decay, essentially
terminating the process. However,
2p-capture reactions could bypass the
waiting point.
14]. The most recent non-observation measurement [6] has established a lifetime limit of < 24 ns
and, consequently, a prediction of Sp < −500 keV. Recent mass measurements of 68Se [14] and
69Se [13] using a precision penning trap combined with a Coulomb displacement energy (CDE)
calculation [9] have yielded a value of Sp = −606(105) keV where the uncertainty is dominated
by the theoretical CDE estimate. To resolve the uncertainties in the proton separation energy we
have performed an experiment to measure proton-unbound states through a complete kinematic
reconstruction of the 69Br→ p+ 68Se decay.
2. Experimental details
The experiment was conducted using the Coupled Cyclotron Facility at the National
Superconducting Cyclotron Laboratory at Michigan State University (MSU). A primary beam
of 140 MeV/u 78Kr was fragmented on a 9Be production target to produce a secondary cocktail
beam, selected using the A1900 fragment separator [15] and composed primarily of 69As (23.9 %),
70Se (66.7 %), and 71Br (9.4 %). The beam was transported to the experimental setup, shown
schematically in Fig. 2, at the entrance of the S800 magnetic spectrograph [16, 17] where it
impinged on a 5.4 mg/cm2 polypropylene (C3H6)n reaction target.
Three detector systems were used to identify the 69Br→ p+ 68Se coincident, forward-focused
decay products, measure their final momenta, and reconstruct the relative energy of the two-
body decay in the center-of-mass frame. Protons were measured using 16 telescopes from the
MSU high-resolution array (HiRA) [18]. Each telescope consists of a 1.5 mm thick 32× 32 strip
double-sided silicon detector providing a ∆E signal, which is backed by four 4 cm E CsI(Tl)
detectors. To correct for the uncertainty in the measured proton angle in HiRA  caused by
the large beam emittance  two micro-channel plate detectors (MCPs), separated by 505 mm,
were used to track the incoming beam onto the target [19, 20]. The heavy beam-like 68Se was
identified, and momentum analyzed using the S800 spectrograph.
Particle identification spectra from the S800 and HiRA, and produced in reactions with
the 70Se beam, are shown in Fig. 3a and Fig. 3b, respectively. Identification in the S800
is accomplished using the ∆E-ToF method where the ∆E signal is taken from a segmented
ionization chamber at the focal plane while the ToF is the time from the target to the focal
plane. A similar method using ToF-ToF was used to identify the incoming secondary beam. An
intense proton band coincident with 68Se events is observed in Fig. 3b.
Figure 2: Schematic drawing of the experimental setup. The incoming secondary beam, tracked
by two MCPs separated by 505 mm, interacts with the reaction target producing 69Br, which
decays at the target location. The decay proton momenta and scattering angle are measured
in one of 16 HiRA telescopes while the heavy beam-like residue is measured at the S800 focal
plane.
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Figure 3: (a) Particle identification spectrum of the beam-like residues detected at the S800
focal plane, in coincidence with single protons in HiRA, and produced in reactions with the 70Se
secondary beam. (b) Particle identification spectrum of protons detected in HiRA in coincidence
with 68Se at the S800 focal plane.
(a) (b)
Figure 4: (a) Relative-energy spectra for protons coincident with 68,69Se and 67,68As. At
the lowest energies, where discrete particle emission is observable, there is a distinct peak at
∼ 800 keV for the reaction 69Br→ p+ 68Se. All other nuclei considered are particle-bound and
therefore decay through decay modes other than particle emission. All spectra are normalized
to 69Br from 6-10 MeV. (b) Comparison of the best-fit results from a simulation using the 69Se
mirror level ordering to the experimental data.
3. Results and discussion
Figure 4a shows the reconstructed relative-energy spectrum for p+ 68Se events (i.e. 69Br proton
decay) as well as comparisons to the proton emission spectra for selected neighboring particle-
bound nuclei. The 69Br spectrum contains two main features: a peak at ∼ 800 keV and, at
high (Erel & 1.4 MeV) relative energies, a smooth distribution of proton emission events. The
protons in these events emerge through quantum mechanical tunneling from quasi-stationary
states formed by the Coulomb and centrifugal barrier potentials.
The features observed in the spectra in Fig. 4a can be understood in terms of the density
of states, the level widths of the decaying states, and the competition between available decay
channels, namely γ and p-decay modes. For higher excitation energies, Ex, sufficiently above the
ground state the density of states, Coulomb penetrabilities, and level widths, Γ, are increasing
while the lifetimes, τ , as related to the width by Γ = ~/τ , are decreasing due to the reduced
barrier width. In this work states in 69Br are not populated selectively. The continuous
distribution observed in Fig. 4a above ∼ 1.4 MeV results from proton decays from a statistical
distribution of short-lived, highly energetic and overlapping resonances. For lower excitation
energies this distribution falls rapidly to zero since the density of states is lower, the proton decay
lifetimes are increasing due to the increased barrier width, and other decay modes other than
proton emission begin to dominate. Particle-bound nuclei, such as 68,69Se and 70Br as considered
in Fig. 4a, will decay through γ emission while proton decay is inhibited since Γp(Ex) < Γγ(Ex).
The 69Br nucleus is unusual in these regards as the proton decay branch competes, and indeed
dominates over the γ-decay branch since Γp(Ex) > Γγ(Ex) for the lowest states. For the
69Br
ground state, the competition is between β and p-decay modes with Γp  Γβ. At these lowest
energies the density of states is decreasing and the level widths are narrow, allowing such levels
to be resolved. The peak at ∼ 800 keV is consistent with these arguments and that these events
originate from one-proton decay of 69Br.
The low-energy peak position and shape, in principle, is a combination of emission from the
ground state and low-lying excited state(s) as modified by their lifetimes and by the detector
resolutions. It is assumed in the experiment that, since the lifetime of 69Br is short, the decay
occurs at the target location. If any of the proton-decaying states, however, are sufficiently long
lived such that the decay occurs in-flight between the target and the HiRA detectors the shape
of the decay peak will be modified with a tail extending toward lower relative energies. This
possibility is taken into account in the analysis using a WKB calculation.
Mirror symmetry can be used to address the structure effects on the peak shape. There
are three known low-lying levels in the Tz = 1/2
69Se mirror nucleus that are considered. The
mirror levels were used to generate spectra in a Monte Carlo simulation and then compared to
the data. For this analysis a spin-parity of 3/2− is assigned to the ground state, followed by a
5/2− level at 39 keV, and finally a level at 129 keV which is assigned a spin-parity of 1/2−. In this
analysis these levels are considered as pure single-particle states with unit spectroscopic factors.
While predictions by shell-model calculations using the GX1A interaction and the systematic
trend of the odd 71,73,75Br isotopes favor a ground-state spin-parity assignment of 5/2− for 69Br
this would imply a violation of mirror symmetry. There are no known T = 1/2 mirror nuclei
where the ground state and first excited state are inverted. Therefore, the level order of 69Se
is used in the simulations where only the energy of the 5/2− state is allowed to vary relative
to the ground state as well as the proton separation energy. To compare the simulation to
the unbinned experimental data a Kolmogorov-Smirnov test was used. This yields the best-fit
results shown in Fig. 4b and a proton separation energy of Sp(
69Br) = −785+34−40. The influence
of this result on the rp process 68Se waiting-point was explored using a one-zone X-ray burst
model [2] with reaction rates taken from the JINA reaclib database V1.0 [21]. At separation
energies of Sp = −200 keV, −500 keV, and −785 keV the fraction of reaction flow that bypasses
the waiting point by 2p-captures is 30 %, 23 %, and 0.16 %, respectively. For separation energies
. −500 keV there is a rapid reduction in flow due to the exponential dependence in the reaction
rate. With the measured separation energy of −785 keV, the 2p-capture rate has a negligible
influence on mass flow through the 68Se waiting point in these calculations.
4. Summary and Conclusions
The first direct measurement of the 69Br proton separation energy has been made through a
full kinematic measurement of the p+ 68Se decay products. A value of Sp(
69Br) = −785+34−40 was
determined with uncertainties which allow for the 2p-capture rate at the 68Se waiting-point of
the astrophysical rp process to be constrained. Consequently, it is found that 69Br is sufficiently
unbound such that 68Se will remain a significant waiting point in the rp process occurring in
X-ray bursts on the surface of neutron stars.
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